Rationale: Primary ciliary dyskinesia (PCD) is a genetically heterogeneous disorder characterized by recurrent infections of the airways and situs inversus in half of the affected offspring. The most frequent genetic defects comprise recessive mutations of DNAH5 and DNAI1, which encode outer dynein arm (ODA) components. Diagnosis of PCD usually relies on electron microscopy, which is technically demanding and sometimes difficult to interpret. Methods: Using specific antibodies, we determined the subcellular localization of the ODA heavy chains DNAH5 and DNAH9 in human respiratory epithelial and sperm cells of patients with PCD and control subjects by high-resolution immunofluorescence imaging. We also assessed cilia and sperm tail function by high-speed video microscopy. Results: In normal ciliated airway epithelium, DNAH5 and DNAH9 show a specific regional distribution along the ciliary axoneme, indicating the existence of at least two distinct ODA types. DNAH5 was completely or only distally absent from the respiratory ciliary axoneme in patients with PCD with DNAH5Ϫ (n ϭ 3) or DNAI1Ϫ (n ϭ 1) mutations, respectively, and instead accumulated at the microtubuleorganizing centers. In contrast to respiratory cilia, sperm tails from a patient with DNAH5 mutations had normal ODA heavy chain distribution, suggesting different modes of ODA generation in these cell types. Blinded investigation of a large cohort of patients with PCD and control subjects identified DNAH5 mislocalization in all patients diagnosed with ODA defects by electron microscopy (n ϭ 16). Cilia with complete axonemal DNAH5 deficiency were immotile, whereas cilia with distal DNAH5 deficiency showed residual motility. Conclusions: Immunofluorescence staining can detect ODA defects, which will possibly aid PCD diagnosis.
results from axonemal abnormalities and dysfunction of motile cilia and flagella. Cilia and flagella are hairlike organelles extending from the cell surface. In vertebrates, multiple motile cilia or motile monocilia are located on various epithelial cells and move extracellular fluid (3) . These include the respiratory epithelium of the airways (respiratory cilia), the embryonic node (primary cilia), and the ependyma of the brain ventricles (ependymal cilia). The sperm tail (flagellum) propels the sperm cell through liquid. The involvement of motile cilia in diverse processes such as left-right axis pattern formation, cerebrospinal fluid flow, and mucociliary clearance shows that they have been adapted as versatile tools for many biological processes (1) (2) (3) .
Respiratory cilia and sperm flagella consist of a highly ordered basic structure of nine peripheral microtubule doublets composed of an A-tubule and a B-tubule arranged around two central microtubules (9ϩ2 axoneme). Axonemal dyneins are the molecular motors that generate microtubule sliding and thus the movement of motile cilia and flagella by ATPase-dependent reactions (1) . Dynein heavy chain proteins assemble with intermediate and light chains into large multiprotein complexes to form inner and outer dynein arms (ODAs), respectively, which are attached to the peripheral axonemal A-microtubules (4) (5) (6) . The dynein heavy chains form the globular heads and the stem of the complexes and contain the ATPase and microtubule motor domains.
We have previously localized a PCD locus to chromosome 5p, which contains DNAH5, the human ortholog of the Chlamydomonas ODA ␥-heavy chain gene (7, 8) . Recessive mutations of DNAH5 result in nonfunctional DNAH5 proteins (9) . Affected patients have dysmotile respiratory cilia with ODA defects. Mutations in DNAI1, encoding an ODA intermediate chain orthologous to Chlamydomonas IC78, also cause ODA defects in patients with PCD (10, 11) .
To gain insight into the molecular mechanisms by which DNAH5Ϫ and DNAI1Ϫ mutations lead to dysfunction of motile cilia we analyzed human ciliated respiratory epithelial cells by immunofluorescence imaging, using antibodies against specific ODA components. We demonstrate that human respiratory cilia contain at least two different ODA types. Our data provide the first evidence that mislocalization of ODA proteins within the respiratory cells is a frequent finding in patients with PCD with ODA deficiency. It is possible that this immunofluorescence-based method could aid PCD diagnosis. In addition, the observation of DNAH5 absence within the respiratory ciliary compartment but normal DNAH5 distribution within the sperm flagellum of a patient with DNAH5 mutations raises the possibility that both organelle types are assembled by distinct mechanisms.
METHODS

Patients and Families
Signed and consent forms were obtained from patients and family members, using protocols approved by the Institutional Ethics Review Board of the University of Freiburg (Freiburg, Germany) and collaborating institutions. We obtained transnasal brush biopsies from a large cohort of patients fulfilling diagnostic criteria of PCD. Two patients with cystic fibrosis, 3 with recurrent respiratory infections, and 10 healthy volunteers were included as control subjects (Table 1) . Samples were evaluated in a blinded fashion to avoid investigator bias.
Generation of DNAH5-specific Antibodies
Antibodies, raised in rabbits against amino acids 42-325 of DNAH5, were expressed as a glutathione S-transferase fusion protein (GE Healthcare/Amersham Biosciences, Freiburg, Germany) in Escherichia coli. Antibodies were affinity purified in a maltose-binding protein fusion system (New England BioLabs, Frankfurt, Germany).
Immunoblotting
Axonemal protein extracts were prepared from a pig trachea according to previously published procedures (12, 13) . Proteins were separated on a NuPAGE 3-8% TRIS-acetate gel (Invitrogen, Karlsruhe, Germany) and blotted onto a polyvinylidene difluoride membrane (GE Healthcare/ Amersham Biosciences). The blot was processed for ECL Plus (GE Healthcare/Amersham Biosciences) detection, using DNAH5 antibody (diluted 1:1,000) and horseradish peroxidase-conjugated anti-rabbit antibody (diluted 1:2500; Santa Cruz Biotechnology, Heidelberg, Germany).
Immunofluorescence Analysis
Respiratory epithelial cells were obtained by transnasal brush biopsy (Cytobrush Plus; Medscand Medical, Malmö , Sweden) and suspended in cell culture medium. Sperm cells were washed with phosphate-buffered saline. Samples were spread onto glass slides, air dried, and stored at -80ЊC until use. Cells were treated with 4% paraformaldehyde, 0.2% Triton X-100, and 0.5% skim milk before incubation with primary antibody (at least 2 hours) and secondary antibody (30 minutes) at room temperature. Appropriate controls were performed by omitting the primary antibody. Commercially available primary antibodies were as follows: mouse anti-acetylated ␣-tubulin and mouse anti-␥-tubulin (Sigma, Taufkirchen, Germany), and mouse anti-DNAH9 (BD Biosciences, Heidelberg, Germany). Anti-DNAH9 antibodies have been previously described (12) . We confirmed the specificity by Western blot, which demonstrated a specific dynein heavy chain band distinct from the DNAH5 band (data not shown). Secondary antibodies (Alexa Fluor 488 and Alexa Fluor 546) were from Molecular Probes/Invitrogen (Eugene, OR). DNA was stained with Hoechst 33342 (Sigma). Confocal images were taken with a Zeiss LSM 510 (Carl Zeiss, Oberkochen, Germany).
High-speed Video Analysis of Ciliary Beat Frequency
Ciliary beat frequency was assessed with the Sisson-Ammons video analysis (SAVA) system (Ammons Engineering, Mt. Morris, MI) (14) . Transnasal brush biopsies were immediately viewed with an Olympus IMT-2 microscope (ϫ40 phase-contrast objective) equipped with an ES-310 Turbo monochrome high-speed video camera (Redlake, San Diego, CA) set at 125 frames per second. The ciliary beat pattern was evaluated on slow-motion playbacks.
RESULTS
Evidence of Distinct ODA Types in Respiratory Cilia
To investigate molecular mechanisms responsible for dysfunction of motile human respiratory cilia we raised antibodies against DNAH5. Western blot of a mammalian axonemal extract specifically detected a single band of about 500 kD, which corresponds to the predicted molecular mass of DNAH5 ( Figure  1A ). We next analyzed the distribution of DNAH5 in human respiratory cilia in vivo by immunofluorescence staining of transnasal brush biopsies from healthy donors. As controls we used antibodies against the cilia-specific acetylated ␣-tubulin isoform. DNAH5 staining was observed throughout the respiratory ciliary axoneme (Figure 1 ), indicating that assembled ODAs along the entire length of the axoneme contain DNAH5. This is consistent with previous ultrastructural analyses showing ODAs being assembled only at the peripheral microtubule doublets (15, 16) . In addition, we observed staining of DNAH5 in the distal region of the basal body, where it colocalizes with ␥-tubulin, a marker of the microtubule-organizing centers adjacent to the basal body foot (17) . We regularly observed specific DNAH5 staining in the apical perinuclear region and in cytoplasmic compartments, which connect the perinuclear region with the microtubuleorganizing centers ( Figures 1B and 1C) . We also investigated the spatial distribution of a second ODA heavy chain DNAH9, which is the ortholog of the Chlamydomonas ODA ␤-heavy chain (12) . In respiratory epithelial cells DNAH9 antibodies exclusively stained the distal two-thirds of the cilia (Figure 2A ). These findings demonstrate that in respiratory cilia at least two ODA types are present. Proximal ODA complexes are DNAH9 negative and DNAH5 positive (Type 1), whereas distal ODA complexes contain DNAH9 and DNAH5 (Type 2). Interestingly, in contrast to DNAH5, DNAH9 staining was almost undetectable in the cytoplasm and appeared diffuse, if distinguishable from background signals (Figure 2A ). Moreover, we did not observe DNAH9 staining of the basal body and microtubule-organizing centers.
DNAH5 and DNAI1 Mutations Can Cause Deficiency of ODA Components within the Ciliary Compartment
We have previously reported (9) that PCD patients with ODA defects of families F373 (1855NfsX5), F658 (2814fsX1), and UNC7 (splice acceptor site mutation predicting deletion of exon 75) carry homozygous DNAH5 mutations (Table 1) . To gain insight into the mechanism by which DNAH5 mutations disrupt normal cilia function in vivo, we analyzed respiratory epithelial cells from these patients by immunofluorescence staining. DNAH5 proteins were undetectable in the ciliary axonemes of these patients with PCD ( Figures 3A-3C ). Instead, DNAH5 mutant proteins accumulated at the microtubule-organizing centers. Therefore, mutated DNAH5 is still expressed but unable to localize to the ciliary axoneme. We did not observe any DNAH9 staining of the ciliary compartment in the three patients with known DNAH5 mutations ( Figure 3E ). Thus, the three studied DNAH5 mutations affect at least two ODA complexes (Type 1 and Type 2), because DNAH5 and DNAH9 are absent within the ciliary compartment.
We next investigated whether mutations of the axonemal ODA intermediate chain gene DNAI1, which cause PCD with ODA defects (11, 18) , result in similar localization defects of the ODA heavy chain components DNAH5 and DNAH9. Surprisingly, in respiratory epithelial cells from patient UNC119, who carries compound heterozygous DNAI1 mutations (219ϩ 3insT/W568X) (19), DNAH5 staining was moderate in the proximal part but absent from the distal part of the ciliary compartment ( Figure 3F ). Furthermore, DNAI1 mutations also caused DNAH5 to accumulate at the microtubule-organizing centers and within cytoplasmic compartments. DNAH9 was absent within the ciliary axonemes from patient UNC119 and weak within the cytoplasm (data not shown). In the studied patient DNAI1 mutant proteins do not inhibit transfer of DNAH5 molecules to the ciliary compartment per se. Absence of DNAH5 and DNAH9 in the distal ciliary compartment suggests that DNAI1 mutant proteins affect Type 2 ODA complexes in this patient.
We noted variable degrees of acetylated ␣-tubulin staining of the perinuclear region in both control and mutant respiratory cells ( Figures 1C and 3A-3C) . Therefore, the staining pattern was not influenced by DNAH5 or DNAI1 mutations.
DNAH5 Staining Can Detect ODA Defects
The characteristic DNAH5 staining pattern of DNAH5 or DNAI1 mutant respiratory cells prompted us to test whether immunofluorescence staining can generally detect ODA defects. Definition of abbreviations: CFTR ϭ cystic fibrosis transmembrane regulator; EM ϭ electron microscopy; Hz ϭ hertz; IDA ϭ inner dynein arm; max ϭ maximum; MTOC ϭ microtubule organizing center; ND ϭ not determined; ODA ϭ outer dynein arm; PCD ϭ primary ciliary dyskinesia; SI ϭ situs inversus.
Data from OP56II3 (healthy proband) is shown representatively for a total of 10 control individuals. Immotile cilia did not show any motion. * ϩ, positive staining; -, absent staining.
For that purpose we investigated a large cohort comprising patients fulfilling diagnostic criteria of PCD and control individuals in a blinded fashion. All of the 16 patients with PCD previously diagnosed by electron microscopy for ODA defects as well as further 8 patients with unknown ultrastructural diagnosis showed complete or distal absence of DNAH5 staining in the ciliary axonemes and accumulation of DNAH5 at the microtubuleorganizing centers (Table 1) . In contrast, all 15 control individuals, including 2 patients with cystic fibrosis, 3 patients with recurrent respiratory infections, and 10 healthy individuals, as well as 2 patients with isolated inner dynein arm defects, had normal DNAH5 staining (Table 1) . We conclude that DNAH5 staining of respiratory epithelial cells can detect ODA defects.
Correlation of Total and Distal DNAH5 Deficiency in the Ciliary Axoneme with Residual Ciliary Motility
The functional relevance of distal and complete DNAH5 deficiency within the respiratory ciliary axoneme of patients with PCD becomes evident by correlation with the beat frequency and pattern (Table 1 ; see the online supplement for supplementary video). Among the 13 patients with PCD with complete axonemal absence of DNAH5 and available high-speed video microscopic data, cilia immotility was observed in 12 patients. Only one patient had severely reduced beat frequency. Cilia with distal DNAH5 deficiency showed a residual motion of 1-5 Hz (in five of six patients), and immotility in only one patient. All cilia with residual activity showed abnormal coordination and limited range of bending.
Sperm Analyses in a Patient with DNAH5 Mutations Reveal Sperm Immotility without Alterations of DNAH5 Content within the Flagellar Axoneme
Repeated spermiograms of two brothers with PCD carrying DNAH5 mutations revealed in F373-II3 low sperm counts (oligozoospermia) and immotile sperm tails (see the online supplement for supplementary video), and in patient F373-II4 an absence of sperm cells (azoospermia) ( Table 1) . To test whether similar defects account for ciliary and flagellar dyskinesia, we first examined the DNAH5 and DNAH9 distribution in human wild-type sperm cells. The staining pattern of the two ODA heavy chains differed in wild-type sperm cells and respiratory cilia. DNAH5 stained the proximal half of the flagellar axoneme whereas DNAH9 staining was observed along the entire flagellum ( Figure 4) . We then analyzed DNAH5-mutant sperm cells from patient F373-II3. In contrast to respiratory epithelial cells from this patient ( Figure  3A ), we did not detect any differences of the staining pattern compared with wild-type sperm flagella (Figure 4 ).
DISCUSSION
ODA multiprotein complexes are large molecular motors that generate the energy for bending of motile cilia and flagella. In Chlamydomonas the ODA is invariably composed of three heavy chains (␣-, ␤-, and ␥-heavy chain) that form the globular motor domain and the stem, two intermediate chains (IC69 and IC78) at the base of the complex, and eight light chains (4-6).
In addition, an ODA-docking complex comprising three proteins attaches the ODA onto the microtubules (20) . To investigate the molecular mechanisms involved in human ODA generation and function we used specific antibodies against different ODA components to stain respiratory epithelial and sperm cells. Confocal immunofluorescence imaging reveals characteristic patterns of ciliary and subcellular localization of the various analyzed ODA components. In wild-type respiratory cells the ODA heavy chain DNAH5 is present throughout the entire length of the ciliary axoneme, whereas the ODA heavy chain DNAH9 localizes DNAH5 localizes exclusively to the proximal part of the sperm tail, whereas DNAH9 localizes to the entire sperm axoneme in both wild-type and DNAH5 mutant sperm. In contrast to respiratory cilia, the distribution of ODA heavy chains in sperm axonemes is not influenced by the DNAH5 mutation in F373-II3.
exclusively to the distal ciliary compartment (Figure 2) . In contrast, in sperm cells DNAH5 localizes only to the proximal part of the flagellum, whereas DNAH9 antibodies stain the entire length of the sperm tail (Figure 4 ). These findings demonstrate for the first time that ODA complexes vary in their composition along the respiratory ciliary axoneme and the axoneme of the sperm tail, and that this composition also differs between these two cell types. Our data indicate that in respiratory cilia at least two ODA types are present: Type 1 (DNAH9 negative and DNAH5 positive; proximal ciliary axoneme) and Type 2 (DNAH9 and DNAH5 positive; distal ciliary axoneme). We assume that the spatial diversity of ODA heavy chains along the axonemes most likely contributes to the typical beating characteristics of cilia and sperm flagella and likewise to the various beat modes of other motile cilia types (e.g., ependymal and nodal cilia). Because of the limited availability of antibodies, we focused our analysis on two ODA heavy chains. However, comparative genome analyses identified at least four human ODA heavy chains (21, 22) , indicating an even higher variability of ODA composition in human cilia.
We investigated the molecular mechanisms by which mutations within genes (DNAH5 and DNAI1) encoding ODA components cause PCD (9, 11) . In DNAH5 mutant respiratory epithelial cells from three patients with PCD we found that the truncated DNAH5 proteins are absent within the ciliary compartment. These axonemes also lack DNAH9 (Figure 3 ), indicating that both ODA complexes are affected. We regularly observed only immotile cilia in respiratory epithelial cells of these patients (Table 1 ; see the online supplement for supplementary video). Because the F373 frameshift mutation (1855NfsX5) predicts the loss of two-thirds of DNAH5 we conclude that the recognition signal responsible for targeting of DNAH5 to the microtubule-organizing centers region is located in the N-terminal part of the protein. Similar to our observations in DNAH5 mutant cells, mutations of the intermediate chain gene DNAI1 also caused an accumulation of DNAH5 at the microtubule-organizing centers in respiratory cells of patient UNC119 ( Figure 3F ). However, in this case DNAH5 staining was negative only in the distal part of the axonemes; it was positive in the proximal part. DNAH9, which sublocalizes to the distal part in wild-type cells, was absent throughout the ciliary compartment. Thus the studied DNAI1 mutations affect Type 2 ODA complexes (DNAH5 and DNAH9 positive in the distal part of the axoneme), whereas Type 1 ODA complexes (DNAH5 positive and DNAH9 negative in the proximal ciliary axoneme) appear unaffected. This correlates with our functional data showing that defects affecting mainly one ODA type show significantly more cells with cilia motility, compared with defects that affect both ODA types (Table 1 ). In conclusion, these results demonstrate that at least two distinct ODA types are present within human respiratory cilia, and that they can be affected by PCD gene mutations either alone or together. Because we studied respiratory cells of only a limited number of patients with known PCD gene mutations, further studies are needed to clarify whether DNAI1 and DNAH5 mutations in general result in a distinct pattern of DNAH5 mislocalization.
Fortunately, we were also able to study sperm function and morphology in a patient with known DNAH5 mutations. We could demonstrate for patient F373-II3 that a homozygous truncational DNAH5 mutation results in sperm immotility (see the online supplement for a supplementary video), and expected that DNAH5 mutant sperm flagella from this proband completely lack DNAH5 and DNAH9 as observed in respiratory cilia from the same individual ( Figure 3A) . However, we found that DNAH5 and DNAH9 content were indistinguishable from that of wild-type sperm cells (Figure 4) . We assume that sperm immotility probably results from a functional defect of the truncated DNAH5 protein (1855NfsX5), which lacks the entire C-terminal motor domain, similar to mutations of the DNAH5 ortholog in Drosophila, which cause infertility of male flies (23) (24) (25) . We assume that, similar to previously described mechanisms in Chlamydomonas (26) , human ODA components probably preassemble within the cytoplasm and are delivered as ODA precursors to the ciliary compartment of respiratory cilia, and that this process is altered by mutant ODA proteins. This is supported by the fact that mutant DNAH5 is still correctly targeted to the microtubule-organizing centers, where it strongly accumulates instead of entering the ciliary compartment ( Figure  3) . Lack of assembly of ODA precursors at their docking sites within the ciliary compartment is less likely to explain our observations, because DNAH5 and DNAH9 are correctly localized within the flagellar axoneme of sperm tails. How can we explain that sperm and respiratory cells carrying identical mutations (F373-II3) show distinct phenotypes regarding the content of ODA heavy chains along the axoneme? In Chlamydomonas, trafficking of flagella-specific proteins between the two separated cytoplasmic and flagellar compartments is accomplished by the intraflagellar transport machinery (27) . The process of assembly and maintenance of cilia and flagella by transport particles passing the compartment borders has been described as "compartmentalized ciliogenesis" (28) . Possibly human sperm tail generation resembles "cytosolic ciliogenesis" as observed in Drosophila, which is independent of intraflagellar transport.
Diagnosis of PCD is currently based on (1 ) a typical clinical presentation, including recurrent respiratory infections with or without situs inversus, and (2 ) ciliary dyskinesia or sperm immotility assessed by light microscopy and/or demonstration of specific axonemal ultrastructural defects by electron microscopy (2). However, diagnosis is often difficult and delayed (29) . Several factors contribute to this clinical problem. First, ciliary activity assessed by light microscopy might be altered as a result of secondary changes caused by concomitant infections. Second, electron microscopy is performed in many laboratories exclusively on samples obtained by more elaborate procedures such as transnasal clamp biopsies (conchae) or bronchoscopy (bronchial airway material). In addition, some ultrastructural changes might also be influenced by secondary ciliary changes (30) . Therefore, research currently focuses on novel techniques to ascertain PCD diagnosis. For that purpose we evaluated the potential role of DNAH5 staining for the diagnosis of PCD with ODA defects, which are the most common ultrastructural abnormalities encountered in PCD (30) . Our data demonstrate that DNAH5 staining of respiratory epithelial cells obtained by transnasal brushings can detect ODA defects (Table 1 ). This novel method has two advantages. First, immunofluorescence staining is performed in respiratory epithelial cells obtained by noninvasive transnasal brushings. In addition, this material can be used at the same time for functional analysis of ciliary beat frequency and pattern, which avoids additional samplings. Second, the method is able to detect changes along the entire ciliary axoneme. This aspect is of particular significance, because with transmission electron microscopy localization of the examined cross-sections along the ciliary axoneme is not possible. The demonstration that in some patients the ODA component DNAH5 is not localized to the ciliary axoneme at all (defect of both ODA types), and in others that DNAH5 is still present in the proximal parts of the ciliary compartment (defect of only ODA Type 2), might explain the variability of ultrastructural defects observed in PCD (31) .
In conclusion, we demonstrate for the first time that mutations responsible for ciliary defects cause altered localization of axonemal proteins within the ciliary compartment. We anticipate that other ultrastructural defects of, for example, inner dynein arms and radial spokes also observed in PCD are caused by similar molecular mechanisms.
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